Facile synthesis of two-photon absorbing polymers through radical copolymerization by unknown
1. Introduction
For the last decade, synthesis of highly active
organic two-photon absorbing materials has
attracted much interest because of their importance
in science and their potential applications in many
fast-growing technological areas such as optical
power limiting [1, 2], three-dimensional (3-D) stor-
age media [3, 4], two-photon fluorescence
microscopy [5, 6], up-conversion lasing [7, 8], and
two-photon photodynamic therapy [9, 10]. The ful-
fillment of above technological applications relies
greatly on the development of organic materials
with superior two-photon absorption (TPA) activi-
ties. Since 1990s, intensive studies have been con-
ducted and great progress has been made on the
discovery of structure-activity relationship in TPA
molecules [11–19]. Earlier studies have focused on
linear quadrupolar molecular structures, and found
that the conjugation length, π-electron center, and
chemical functional groups at the end of electron
conjugation are three important factors for the
enhancement of TPA activities [11, 15, 16]. Recent
studies have demonstrated superior TPA properties
of octupolar multi-branched structures in compari-
son to linear structures [12, 13, 20]. Despite the
advances in molecular structure development, most
TPA molecules need to be incorporated into poly-
mers to form thin films for many practical applica-
tions [21]. In most cases, the TPA molecules are
doped in a host polymer matrix [21–23]. The disad-
vantage of this approach is that TPA molecules
may aggregate and undergo phase separation under
intense laser irradiation, which leads to the decreas-
ing performance of the material. Moreover, the sol-
ubility of chromophores in the polymer is limited,
and maximization of chromophore density is diffi-
cult. Some TPA conjugated polymers have been
reported [24, 25], but synthetic strategies for high
molecular-weight TPA materials are still lacking.
In this research, we explore the strategy to cova-
lently attach the TPA molecules to the polymethyl
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tion of methyl acrylate and a TPA molecule-con-
taining monomer. This approach has practical
values in many respects as the TPA molecules in
the synthesized materials are stable and phase sepa-
ration is avoided, and therefore, a consistent behav-
ior of the materials is maintained. Secondly,
desired chromophore density can be achieved, high
molecular weight polymers can be synthesized, and
conventional polymerization procedures can be
used. Further more, with the tolerance of radical
polymerization to various functionalities, various
TPA polymers bearing functional groups can be
synthesized and further modified for different
applications.
The model of branched two-photon absorbing chro-
mophore employed in this research is (E,E,E)-
1,3,5-tristyrylbenzene (1) which has previously
been synthesized and was found to exhibit excel-
lent nonlinear optical properties [26–28]. To cova-
lently attach the molecular structure of 1 to
polymer backbone, a synthetic strategy is devel-
oped as depicted in Figure 1. A monomer contain-
ing chromophore 6 is first synthesized and is
copolymerized with methyl acrylate under radical
polymerization conditions. The resulting polymer
product is extensively characterized and its linear
and non-linear optical properties are studied using
multiple analytical methods.
2. Experimental
2.1. Materials and instruments
All chemicals were purchased from Aldrich Chem-
ical Company or Acros Chemical Company and
used without further purification. Solvents such as
dimethylformamide (DMF) or dimethyl sufoxide
(DMSO) were treated with dry molecular sieves
and distilled under vacuum. Tetrahedrofuran (THF)
was treated with either Na-benzophenone or cal-
cium hydride, and distilled under nitrogen before
use. All reactions were conducted under nitrogen.
Heck reactions were performed in a Schlenk Tube
equipped with a Teflon valve. 1H NMR spectra
were measured by a Bruker AM 250 (250 MHz)
spectrometer. 13C NMR spectra were recorded at
62.9 MHz on a Bruker AM 250 (250 MHz) spec-
trometer. All samples were referenced to the
deuterated solvents. IR spectra were recorded on a
Spectrum 2000 (Perkin Elmer) FT-IR spectrome-
ter. TPA cross-sections (±15% uncertainty) of syn-
thesized molecules were determined by nonlinear
optical transmission measurement [29] using a
Quanta-Ray MOPO-730 laser. Molecular weights
were determined using gel permeation chromatog-
raphy (GPC) equipped with a Waters 410-differen-
tial refractometer. A flow rate of 1.0 ml/min was
used and samples were prepared in THF. Poly-
styrene standards were used for calibration.
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Figure 1. Synthesis of two-photon absorbing polymer through radical copolymerization2.2. Synthesis
Preparation of (E,E,E)-1,3,5-tristyrylbenzene (1)
1,3,5-tristyrylbenzene was prepared by Heck reac-
tion of 1,3,5-tribromobenzene and styrene follow-
ing a reported procedure [28] in 51% yield.
1H NMR (CDCl3, 250 MHz) δ 7.20–7.59 (24 H, m,
ArH and Ar–CH=CH–Ar).  13C NMR (CDCl3,
62.9 MHz)  δ 138.27, 137.44, 129.52, 128.99,
128.59, 128.03, 126.82, and 124.18.
Preparation of 2
To a 500 ml round-bottom flask was charged with
1,3,5-tribromobenzene (10 g, 31.1 mmol) and ether
(250 ml) under nitrogen. The solution was cooled
to –78°C. Butyl lithium solution (2.5 M, 12.4 ml,
31.1 mmol) was injected via a syringe. The reaction
mixture was kept at this temperature for 45 min-
utes. DMF (2.65 ml, 34.2 mmol) was added drop-
wise through a syringe. The solution was allowed
to warm to room temperature and stirred for
6 hours. The reaction was quenched with dilute
hydrochloric acid and extracted with ether. The
organic layer was separated and dried over magne-
sium sulfate. Solvent was evaporated and crystal-
lization of the residue in ethanol gave product
(3.36 g, yield 41%). 1H NMR (CDCl3): δ 9.90 (1 H,
s, CHO), 7.93 (2 H, s, ArH) and 7.91 (1 H, s, ArH).
13C NMR (CDCl3): δ 189.4, 139.8, 132.1, 131.4
and 124.2.
Preparation of 3
To a Schlenk tube equipped with a Teflon valve
was weighed 2 (0.545 g, 2.06 mmol), styrene
(0.614 ml, 5.37 mmol), Pd(OAc)2 (46.3 mg,
0.206 mmol), tri-o-tolylphosphine (125.6 mg,
0.41 mmol), triethylamine (5 ml, 14.8 mmol) and
DMF (5 ml). Bubble nitrogen to the solution, seal
the tube and put in oil bath at 95°C for 3 days. The
reaction mixture was poured into water, extracted
with ethyl acetate. The organic layer was dried over
magnesium sulfate. Purification of the crude prod-
uct by column chromatography (silica gel, hexa-
nes/ethyl acetate 10:1) gave pure product (0.409 g,
64%). 1H NMR (CDCl3): δ 10.09 (1 H, s, CHO)
and 7.92–7.14 (17 H, m, ArH and Ar–CH=CH–Ar).
13C NMR (CDCl3): δ 192.5, 138.9, 137.4, 136.9,
130.9, 130.5, 129.0, 128.4, 127.2, 127.0 and 126.5.
Preparation of 4
To a 25 ml round-bottom flask was added NaH
(27.8 mg, 1.1 mmol) and dry DMSO (2 ml). The
solution was warmed up to 75–80°C for 45 minutes
then cooled to 0°C. A solution of CH3PPh3I
(444 mg, 1.1 mmol) in DMSO was injected drop-
wise. The suspension was stirred at room tempera-
ture for 10 minutes. A solution of 3 (310 mg,
1 mmol) in DMSO was added by a syringe. The
reaction was kept at 70°C overnight. The mixture
was poured into water, extracted with ethyl acetate,
dried over magnesium sulfate, and further purified
by column chromatography on silica gel to yield
the desired product (1.05 g, 95%). 1H NMR
(CDCl3):  δ 7.61–7.12 (17 H, ArH and
Ar–CH=CH–Ar), 6.83 (1 H, m, Ar–CH=CH2), 5.91
(1 H, d, Ar–CH=CH2) and 5.38 (1 H, d,
Ar–CH=CH2). 13C NMR (CDCl3): δ 138.5, 138.1,
137.4, 136.8, 129.4, 128.9, 128.5, 128.0, 126.8,
124.3, 123.9 and 114.7.
Preparation of 5
Compound 5 was synthesized by Heck reaction of
4 with 4-bromobenzylic alcohol following a similar
procedure as for the preparation of 3 (yield 37%).
1H NMR (CDCl3): δ 7.58–7.19 (23 H, m, ArH and
Ar–CH=CH–Ar), 4.73 (2 H, s, benzylic) and 2.06
(1 H, s, br, OH). 13C NMR (CDCl3):  δ 140.6,
138.3, 138.2, 137.4, 136.9, 129.5, 129.0, 128.6,
128.5, 128.0, 127.7, 127.1, 127.0, 126.8, 124.2 and
65.4.
Preparation of 6
To a 25 ml round-bottom flask was charged with
toluene (2 ml), acryl chloride (64.7 mg, 0.72 mmol)
and triethylamine (71 µl, 0.72 mmol). The solution
was stirred at room temperature for 10 minutes. 
A solution of 5 (98.7 mg, 0.24 mmol) in toluene
(1 ml) was added. The mixture was purified by col-
umn chromatography on silica gel to give product 6
(65.1 mg, 58%). 1H NMR (CDCl3): δ 7.59–7.20
(23 H, m, ArH and Ar–CH=CH–Ar), 6.50 (1 H, d,
–OC(O)CH=CH2), 6.20 (1 H, m, –OC(O)CH=CH2),
5.89 (1 H, d, –OC(O)CH=CH2) and 5.23 (2 H, s,
benzylic).  13C NMR (CDCl3):  δ 184.1, 138.3,
138.1, 137.6, 137.4, 135.5, 131.5, 129.6, 129.3,
129.0, 128.5, 128.0, 127.1, 127.0, 126.8, 126.7,
124.2 and 66.3.
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To a Schlenk tube was added 6 (51 mg,
0.109 mmol), methyl acrylate (49 µl, 0.54 mmol),
2,2’-azobisisobutyronitrile (AIBN, 5.4 mg,
0.033 mmol) and toluene (0.3 ml). The tube was
degassed, sealed, and heated to 70°C overnight.
Polymer 7 was precipitated in methanol (60 mg,
61%) and purified by dissolve-precipitate methods
to removed small molecules and dried under vac-
uum. 1H NMR (CDCl3): δ 7.73–7.35 (m, br, ArH
and Ar–CH=CH–Ar), 5.32 (br, benzylic), 3.65 (br,
–COOMe), 2.38 (br, –CH–COOMe), 1.94–1.50
(m,  br, –CH2–CH(COOMe)); FT-IR (KBr)
νmax/cm–1 3030 (C–H), 2954 (C–H), 1739 (C=O),
1601 (C=C), 1452 (–CH2–), 1384, 1265, 1170
(C–O), 967 (C–H, aromatic), 831, 754 (–CH2–) and
697 (C–H, aromatic).
3. Results and discussion
The synthesis of TPA chromophore-containing
monomer (6) started with tribromobenzene (Fig-
ure 1), which reacted with DMF to give 3,5-dibro-
mobenzaldehyde (2), according to a reported
procedure [30]. A Heck reaction of 2 with 2 equiv-
alents of styrene resulted in compound 3, followed
by a Wittig reaction with CH3PPh3I to afford the
olefin 4, with a procedure described by Greenwald
[31]. Further reaction of 4 with 4-bromobenzylal-
cohol under Heck reaction conditions yielded the
chromophore 5, in which the TPA chromophore
molecule (1) was constructed with an active
hydroxyl group at the end for further organic trans-
formations. Esterification of 5 with acryloyl chlo-
ride gave the chromophore-containing monomer 6
for further polymerization. Attempt of the self-
polymerization of 6 was not successful, which
might be due to steric hindrance of the bulky chro-
mophore structure. However, copolymerization of
6 with methyl acrylate yielded a copolymer with
the TPA molecules randomly attached to the poly-
mer backbone. The copolymerization was con-
ducted in the presence of AIBN with a loading ratio
of methyl acrylate to 6 as 5:1. The molar concentra-
tion of the chromophore in the synthesized copoly-
mer is calculated to be 21.7% based on proton
NMR integration.
The polymer product (7) was further characterized
by FT-IR (Figure 2b). For comparison, the FT-IR
spectrum of compound 1 was also displayed (Fig-
ure 2a). In Figure 2b, a strong C=O stretch at
1739 cm–1 is observed from the carboxylate
branches connected to polymethyl acrylate back-
bone. Other characteristic peaks such as 1170 (C–O
stretch), 2954 (C–H stretch), and 1452 cm–1
(–CH2– bending) also match the reported absorp-
tions of polymethyl acrylate [32]. By comparison to
Figure 2a, the IR absorptions at 3030 (C–H
stretch), 1601 and 1496 (C=C stretch), 967 and 696
(aromatic C–H), and 754 cm–1 (–CH2– bending)
can be identified as peaks from the two-photon
chromophore that covalently attached to the poly-
mer backbone. The synthesized polymer is readily
soluble in THF, methylene chloride, and chloro-
form. The UV-Vis absorption and fluorescent emis-
sion of the synthesized polymer resemble those of
molecule 1 (Figure 3) as they both exhibit similar
maximum absorption, emission, and profiles. Simi-
lar to molecule 1, the UV-Vis absorption peak of
the polymer occurs at 313 nm and there is no linear
absorption observed above 400 nm. Under inten-
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Figure 2. FT-IR of (E,E,E)-1,3,5-tristyrylbenzene (a) and
synthesized two-photon absorbing polymer (b)
Figure 3. UV-Vis and fluorescence emission spectra of
(E,E,E)-1,3,5-tristyrylbenzene (1) and the syn-
thesized two-photon absorbing polymer (7)sive laser excitation at 532 nm, however, a strong
absorption is observed and an up-converted fluo-
rescent emission occurs at 390 nm, which is fea-
tured for two two-photon absorption. The TPA
cross-sections of molecule 1 and the polymer at
532 nm were determined using transmission two-
photon absorption measurement [29]. The TPA
cross-section of the synthesized polymer is about
44 670·10–50 sc m 4 in nanosecond time domain,
while that of molecule 1 is about 17 700·10–50 sc m 4.
The higher apparent TPA cross-section of the poly-
mer could be the result of higher local density of
TPA chromophores within a polymer chain, since
the total two-photon absorption is proportional to
the square of number density. Further GPC analysis
indicates that the polymer exhibits a fairly high
molecular weight (Mw 7 750, Mn 25 300) with the
polydispersity index (PDI) of 3.2. A solution of the
synthesized polymer in THF is stored for a week
and no significant difference is observed on it opti-
cal properties, indicating that the polymer product is
optically stable. Further stability experiments under
laser irradiation and heat are under investigation.
4. Conclusions
This research has demonstrated a facile synthesis of
a two-photon absorbing polymer through conven-
tional radical polymerization of methyl acrylate
and a synthesized monomer containing a two-pho-
ton absorbing chromophore. The synthesized poly-
mer shows similar optical properties comparable to
the chromophore molecule alone and is optically
stable. This method offers a convenient procedure
to synthesize high molecular weight two-photon
absorbing materials. The concentration of chro-
mophore can be adjusted by varying the ratio of
bulk monomer to chromophore-containing
monomer, and the physical properties of bulk mate-
rials can be tuned for specific application by using
different commercial monomers. The advantage of
radical polymerization procedure also provides the
possibility to synthesize functional two-photon
absorbing materials for a verity of applications.
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